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Highlights 
 A greater external hip adduction moment is associated with GT than hip OA 
 Reduced hip sagittal excursion is associated with hip osteoarthritis 
 Greater pelvic obliquity is associated with gluteal tendinopathy 
 
 
 
 
 
ABSTRACT 
Background: Gluteal tendinopathy (GT) and hip osteoarthritis (OA) are the most common 
causes of hip pain and associated disability in older adults. Pain and altered walking 
biomechanics are common to both conditions. This study aimed to compare three-dimensional 
walking biomechanics between individuals with unilateral, symptomatic GT and HOA.     
Methods: Sixty individuals with symptomatic unilateral GT confirmed by magnetic-
resonance-imaging and 73 individuals with symptomatic unilateral HOA (Kellgren-Lawrence 
Grade ≥ 2) underwent three-dimensional gait analysis. Maximum and minimum values of the 
external hip flexion moment, first peak, second peak and mid-stance minimum of the hip 
adduction moment (HAM), sagittal plane hip excursion and hip joint angles, pelvic obliquity 
and trunk lean, at the three HAM time points during stance phase of walking were compared 
between groups using an analysis of covariance. 
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Results: Compared to individuals with HOA, those with GT exhibited a greater hip peak 
extension moment (P <0.001) and greater HAM throughout the stance phase of walking 
(P=0.01 – P<0.001), greater hip adduction (P<0.001) and internal rotation (P<0.01 – P<0.001) 
angles and lower hip flexion angles and excursion (P=0.02 - P<0.001). Individuals with HOA 
exhibited a greater forward trunk lean (P≤0.001) throughout stance, and greater ipsilateral 
trunk lean in the frontal plane (P<0.001) than those with GT.  
Conclusion: Despite presence of pain in both conditions, hip kinematics and kinetics differ 
between individuals with symptomatic unilateral GT and those with symptomatic unilateral 
HOA. These condition-specific impairments may be targets for optimization of management 
of HOA and GT.  
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1. Introduction 
Individuals with chronic gluteal tendinopathy (GT) experience high levels of hip pain and 
disability, comparable to those reported by individuals with end stage hip osteoarthritis (HOA) 
[1]. Both conditions are common over the age of 40 years [2-4] and can be difficult to 
differentially diagnose clinically [5, 6]. Notably both groups report hip pain aggravated during 
walking [7, 8]  with significant effects on quality of life [3]. Unlike HOA, where evidence-
based guidelines have been developed to guide exercise and gait modification in conservative 
management [9], little evidence exists to guide management of GT.  Although walking 
provokes symptoms in both conditions [7], it is unlikely that the same interventions would be 
appropriate as it would be expected that walking biomechanics would differ between 
individuals with GT and HOA as a consequence of differences in the underlying pathology 
(i.e., tendon versus articular) and disease-specific impairments (e.g. joint/capsular stiffness 
associated with HOA [10, 11]). Such differences would be expected to have unique relevance 
for development and/or progression of each condition. Understanding differences in gait 
biomechanics between GT and HOA may help to direct assessment and to inform condition-
specific treatment approaches.  
 
HOA is an intra-articular hip pathology characterized by joint stiffness and reduced passive 
range of movement which is associated with reduced hip joint excursion in the sagittal plane 
during walking [10, 11]. Conversely, GT is an extra-articular hip pathology characterized by 
lateral hip pain and sensitivity to palpation over the greater trochanter [12]. Common to GT 
and HOA are evidence of: i) hip abductor muscle weakness (compared to controls, deficits of 
32% and 31% are reported for individuals with GT [13] and HOA [14], respectively), ii) a 
relationship between hip abductor weakness and pelvic control during single leg loading [8, 
15] and ii) altered walking hip biomechanics [10, 16-19], but with unique elements. Compared 
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to controls, GT is characterized by altered walking biomechanics in the frontal plane, such as 
greater contralateral pelvic drop [16] and a greater external hip adduction moment (HAM) 
[16]. In contrast HOA involves lower frontal [10, 20, 21] and sagittal [10, 18] plane moments 
and lower external sagittal plane hip excursion [18, 19, 22].  
 
Frontal plane moments are considered to be particularly relevant for both gluteal (abductor) 
tendon and hip joint loading and pathology, given that (1) the external HAM is inferred to 
require a balancing internal hip abductor moment contributed to by tension within the hip 
abductor muscles [23, 24] implicated in GT and (2) the external HAM and the external flexion 
moment are considered indicators of hip joint loads [25].  Despite the similarity of some 
features of GT and HOA clinical presentations, condition-specific features of frontal and 
sagittal plane moments, the latter yet to be investigated in GT, may provide guidance for 
optimizing management for HOA and GT. Given that the position of the trunk and pelvis in 
the frontal plane influences HAM magnitude [16, 26], investigation of their contribution to 
kinematics during walking is critical.  
 
Comparison of spatiotemporal gait variables between these clinical groups has identified no 
differences between walking speed and step length during a clinical 10 meter walk test [7], but 
no study has directly compared kinematics and kinetics during walking between individuals 
with GT and HOA. Use of sophisticated three-dimensional gait analysis to compare walking 
spatiotemporal variables, as well as gait kinematic and kinetics is likely to provide 
biomechanical data specific to GT and HOA that could form a foundation to inform 
individualized management approaches.    
 
This study aimed to address the following research questions: 
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1. Is the external HAM or hip flexion moment different between individuals with 
symptomatic unilateral GT and symptomatic unilateral HOA? 
2. Are there differences in hip, pelvic and trunk kinematics occurring throughout stance 
phase at the time of the first peak, mid-stance and second peak hip abduction moments, 
or hip joint excursion in the sagittal plane during walking in individuals with 
symptomatic, unilateral GT and HOA?    
 
2. Methods  
2.1 Participants 
Participants in this study were a sample of convenience from a database of three studies that 
completed at the University of Melbourne. Participants in the GT group (n=60) were recruited 
at baseline from a randomized controlled trial (RCT) [27] of which 40 participants were 
included in a cross sectional study [16]. Inclusion criteria for GT participants were: (1) a 
primary report of unilateral hip pain at the greater trochanter for ≥ 3 months with an average 
intensity of ≥ 4 on an 11-point numeric rating scale (NRS) (‘0’ no pain; ‘10’ worst pain 
imaginable); (2) aged 35–70 years; (3) a clinical diagnosis of GT made by a physiotherapist 
and defined as tenderness to palpation of the greater trochanter and at least one of six pain 
provocative tests for GT [28], and (4) a primary diagnosis of GT made by magnetic resonance 
imaging (MRI) [29]. To exclude intra-articular hip pathology, the following exclusion criteria 
were applied: (1) a primary complaint of groin pain, (2) passive hip flexion range <90 degrees 
or (3) evidence of HOA on plain X-ray defined as Kellgren-Lawrence Grade 2 or above [30]. 
Additional exclusion criteria were applied to exclude the presence of other conditions that 
could affect gait and relevant to intervention arms of the RCT (Appendix 1).   
 
Participants in the HOA group (n = 73) were recruited at baseline from two studies performed 
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at the University of Melbourne between 2006 and 2012 [n=48 from a cross-sectional study 
(unpublished Thesis) and n=25 from a RCT [31]]. All participants had HOA according to the 
American College of Rheumatology classification criteria of pain and radiographic changes 
[32] and femoral or acetabular osteophytes along with joint space narrowing ≥ Grade 2 on 
standing x-ray; ii) hip or groin pain on most day of the past month. Exclusion criteria were 
applied to exclude other conditions that could affect gait and those specific to elements of the 
RCT (Appendix 1).  
 
Ethics approval was obtained from the University of Melbourne Health Ethics Committee and 
all participants provided written informed consent.  
 
2.2 Walking analysis 
Participants underwent three-dimensional gait analysis whilst walking barefoot along a 10-m 
walkway at their self-selected comfortable speed. Participants reported pain experienced 
during walking on the NRS. Reflective markers were placed in accordance with the Plugin-
Gait configuration (Vicon Systems Ltd, 2010).  Kinematic data were recorded at 120Hz using 
a 12-camera (MXF20/F40) Vicon motion capture system (Vicon, Oxford, UK). Ground 
reaction force data were collected at 1200Hz from two force plates (Advanced Mechanical 
Technology Inc., Watertown, MA).  Marker trajectory data were filtered using a Woltring 
quintic spline filter. Hip joint angles and moments were calculated using the Plug-in-Gait 
model, with external moments calculated using inverse dynamics and expressed in the distal 
(thigh) co-ordinate system.  Hip angles (sagittal, frontal, and transverse plane) were calculated 
for each trial, along with step length and velocity. A trunk segment was defined with the sagittal 
and frontal plane angle of the trunk in relation to the laboratory coordinate system [33] and 
pelvic angles determined using a rotation-obliquity-tilt Cardan sequence [34]. 
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2.3 Outcome measures 
External moments were normalized to body weight x height (Nm/BW.Ht%) to account for 
body size [35]. For each trial, maximum and minimum values of the external hip flexion 
moment and maximum values of the external HAM during 0-50% and 50-100% of stance 
phase, representing the first and second peaks respectively, and the minimum values between 
the peaks to represent the mid-stance moment [16] were determined. Data from each participant 
were visually inspected to confirm the presence of a bimodal HAM pattern. Maximum values 
of hip adduction, internal rotation, and flexion angles, contralateral pelvic drop and forward 
and ipsilateral trunk lean at the three HAM time points were calculated for each trial. Hip joint 
excursion in the sagittal plane during stance was also calculated. Values obtained for each of 
the five to six completed trials per participant were averaged.  
 
2.4 Data analysis 
Data analysis was performed using Statistical Packages for the Social Sciences version 22 
(IBM, New York, USA). Data were explored for normality prior to analysis. Independent t-
tests were used to compare descriptive characteristics and spatiotemporal variables between 
groups when data were normally distributed, and Mann Whitney-U tests when non-normally 
distributed. An analysis of covariance based on between-group differences in patient 
characteristics that were likely to have an influence on walking biomechanics (age [36], sex 
[37], symptom duration [16], walking velocity [38]) was used to  compare biomechanical 
variables between groups with significance set at P<0.05.  
 
3. Results 
3.1 Participant characteristics 
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Flow of participants in the study is shown in Figure 1. Participant characteristics are 
summarized in Table 1. The HOA group was significantly older, heavier, had a greater BMI 
and a greater duration of symptoms. Both the GT and HOA groups included more women than 
men. The predominance of women in the GT group (77%) is consistent with previous GT 
research [39, 40]. There were no differences between groups with respect to pain intensity 
reported during walking.  
 
3.2 External moments during walking 
Between-group differences were identified in the peak hip extension moment and at the first 
and second peak time-points of the HAM, with and without walking velocity, symptom 
duration, age and sex included as covariates (Table 2; Figure 1), and during mid-stance when 
no adjustments were made or when adjusting for velocity or age. Without any adjustments 
performed, individuals with HOA had a 35% lower peak extension moment when compared to 
individuals with GT (p<0.001). Individuals with GT demonstrated an 18% greater first peak 
HAM, a 14% greater mid stance HAM, and 20% greater second peak HAM during the stance 
phase of walking compared to those with HOA.  
  
3.3 Kinematics during walking 
Between-group differences were identified in hip, pelvic and trunk kinematic variables (Table 
2), irrespective of covariates. Without any adjustments performed, individuals with HOA 
demonstrated greater hip flexion angles (4.7 - 12.5 degrees), less excursion in the sagittal plane 
(11.3 degrees), and greater forward trunk lean (3.9 - 8.8 degrees) throughout stance compared 
to those with GT. Compared to individuals with HOA, individuals with GT exhibited greater 
hip adduction angles (3.6 – 5.0 degrees), and greater internal rotation angles (3.4 - 5.5 degrees) 
throughout stance. Individuals with GT exhibited marginally (<2.5 degrees) greater 
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contralateral pelvic drop and contralateral trunk lean in the frontal plane at the three HAM 
moment time points than individuals with HOA. Based on sex-specific differences in walking 
kinematics in individuals with HOA [37] during walking, we performed a secondary analysis 
comparing men with GT with men with HOA, and women with GT to women with HOA 
(Supplementary Tables 1 and 2). All between-group differences persisted, apart from 
contralateral pelvic drop which did not differ between men with GT and those with HOA.  
 
4.  Discussion  
This is the first direct comparison of walking biomechanics between GT and HOA There were 
three main observations. First, compared to those with HOA, individuals with GT exhibited 
greater external HAM and a greater peak extension moment during the stance phase of walking. 
This infers greater demands on the hip abductor and flexor muscles and different loads on the 
femoro-acetabular joint. Second, differences in hip kinematics in all three planes were observed 
between groups. Individuals with GT walked in a more hip-adducted and internally rotated 
position, and those with HOA in a more flexed position. Third, individuals with HOA walked 
with greater forward trunk lean than those with GT. Together, these findings show that 
differences in walking biomechanics exist between individuals with GT and those with HOA.   
 
The only previous study to compare walking characteristics between individuals with GT and 
those with HOA found no difference in walking speed or step length during a 10-meter walk 
test [7].  Although we also found no differences in walking speed, individuals with GT had a 
4-cm greater step length than those with HOA. Less sensitive clinical measures used to assess 
step length in the previous study probably account for the between-study difference, but the 
clinical relevance of these small between-group spatiotemporal differences is questionable. 
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Consistent with previous evidence of a 9-33% greater HAM during walking in those with GT 
than condition-free controls [16], individuals with GT exhibited a 14-20% greater HAM than 
individuals with HOA and a 35% greater peak extension moment. The net external HAM is 
inferred to represent a net internal adduction moment contributed to by (1) the hip abductor 
muscles and (2) passive structures of the hip (and abductor mechanism) [23, 24], and the 
external extension moment an internal flexor moment, with a subsequent influence on joint 
loads. Although not conclusive in the absence of muscle activation data, these data provide 
some support for our contention that loads through the hip muscles (abductor and flexor) and 
hip joint differ during walking between those with GT and HOA. Albeit not assessed in the 
present study, individuals with HOA are more likely to have stiffness which may influence 
dynamic range of motion during gait and subsequently the external moments. This supposition 
is only speculative given that (1) conflicting results exist regarding the relationship between 
passive hip joint range and dynamic range during walking in those with HOA and (2) only one 
study to date has investigated the relationship between passive hip joint range and external 
moments, identifying no relationship between passive hip extension and the magnitude of the 
external hip flexion moment in individuals with end stage unilateral HOA [10].  
 
Compared to controls, a lower HAM [10] and a lower peak extension moment has been 
identified in individuals with HOA [18, 41, 42]. Although cross-sectional study designs 
prohibit cause and effect conclusions, the lower HAM recorded in HOA is proposed to be an 
antalgic strategy to reduce compressive loads on the degenerated hip joint [42] and the lower 
extension moment and angle to reduce loading on the anterior aspect of the hip joint and pain 
[43]. Recent evidence has also shown a relationship between a higher external HAM and 
greater rate of disease progression [25]. It is important to note that this does not exclude the 
converse possibility that regional under-loading of hip joint surfaces may also be relevant for 
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OA [21, 44] given emerging evidence of an association between reduced knee joint loading 
and early osteoarthritis in individuals with anterior cruciate ligament reconstruction [45, 46].” 
Conversely, the large external HAM during walking in those with GT is likely to have direct 
clinical relevance for gluteal tendon overload. A positive relationship has been identified 
between the HAM and tension within the iliotibial band (ITB) [47]. This has relevance for 
gluteal tendon compressive overload given that ITB tension which influences compressive 
forces against the greater trochanter [48] into which the gluteal tendons insert [49]. Together, 
these data indicate that assessment and management approaches that aim to reduce the external 
HAM such as targeting frontal plane pelvic control [16]  may be most relevant for individuals 
with GT than those with HOA, whereby those influencing sagittal plane moments may also be 
relevant for individuals with HOA. 
 
It is tempting to speculate that the magnitude of between-group differences in hip kinematics 
(3.4-11.3 degrees) identified here may be detectable with visual inspection by experienced 
clinicians during observational gait assessment. The hips of the GT group were more adducted 
(corresponding with greater contralateral pelvic drop) and internally rotated during the stance 
phase of gait, whereas the HOA group was more flexed. The kinematic patterns associated with 
HOA concur with previous data of greater peak hip flexion angles [17, 19] and reduced hip 
extension at mid to terminal stance [10, 17-19, 21] during walking when compared to controls 
[10, 18, 19, 21] or those with less severe HOA [17]. Lesser hip extension during walking has 
been associated with disease severity on imaging [10, 18, 19, 22] and reduced passive hip range 
of movement [10] in those with HOA. This suggests sagittal plane kinematics are particularly 
relevant for HOA. Lesser  hip extension is thought to reduce the surface area of cartilage that 
is loaded during the stance phase of gait, contributing to regional overload and under-load with 
potential relevance for disease progression [44]. Specifically, a 2 degree increase in hip 
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extension during walking has been shown to be associated with a 24% increase in anterior hip 
joint forces [50].  Consistent reports of changes in sagittal plane kinematics in HOA imply this 
is a plausible target for gait modification interventions for HOA.  
 
Frontal plane kinematics are thought to be particularly relevant for the development and 
perpetuation of GT pathology [51]. In the present study, individuals with GT exhibited both 
greater contralateral pelvic drop and hip adduction angles throughout stance than those with 
HOA. Eccentric control of the pelvis in the frontal plane (hip adduction) during the stance 
phase of walking is considered relevant for the development and perpetuation of GT given the 
relationship between; (1) hip adduction angle and compressive loads on the gluteal tendons 
against the greater trochanter [48], into which the gluteal tendons insert [49], and (2) 
contralateral pelvic drop and the magnitude of the external HAM during walking [16]. Our 
findings provide further support for the notion that frontal plane kinematics are relevant 
considerations within the management plan of GT.  
 
This study has several potential limitations. As participants with HOA did not undergo clinical 
or imaging evaluation to exclude GT we cannot confirm the absence or co-existence of 
symptomatic or asymptomatic GT in that group. The HOA group was significantly older, had 
a longer duration of symptoms, and more men. However, adjustment for age, symptom 
duration or sub-analysis for sex had little impact on between-group differences and  the mean 
age and sex distribution of the GT and OA groups were comparable to that of previous cross-
sectional data [7]. As data was collected from two different studies across four years, different 
researchers applied the marker set with no inter-tester reliability investigation. However, both 
researchers followed the same marker set application protocol of our laboratory. We did not 
collect passive range of movement, hip strength or muscle activation measures, so we cannot 
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establish the relationship between these variables and walking biomechanics in this study and 
our interpretations with respect to the relationship between muscle function and the external 
moments are presented with caution.  
 
In conclusion, this is the first study to directly compare walking kinematics and kinetics 
between individuals with GT and HOA which represent distinct extra- and intra-articular hip 
pathologies, respectively. These conditions are comparable with respect to severity of 
symptoms and patient-reported functional limitations, but our findings show that kinematics 
and hip kinetics differ between those with GT and HOA. These disease-specific impairments 
may direct assessment and be targets for treatments and require further investigation. 
 
Figure Captions: 
Figure 1.  Flow of participants through study.  
Figure 2. Frontal and sagittal plane kinetics and kinematics of the hip, trunk and pelvis during 
the gait cycle of walking. (Red line represents the GT group, Black the OA group; dashed lines 
+/- 1 standard deviation) 
 
References 
 
[1] Fearon AM, Cook JL, Scarvell JM, Neeman T, Cormick W, Smith PN. Greater Trochanteric 
Pain Syndrome Negatively Affects Work, Physical Activity and Quality of Life: A Case 
Control Study. The Journal of Arthroplasty. 2014;29:383-6. 
[2] Segal NA. Greater trochanteric pain syndrome: epidemiology and associated factors. Arch 
Phys Med Rehabil. 2007;88. 
[3] Fearon AM. Greater Trochanteric Pain Syndrome Negatively Affects Work, Physical 
Activity and Quality of Life: A Case Control Study. J Arthroplast. 2014;29. 
[4] Glyn-Jones S, Palmer A, Price A, Vincent T, Weinans H, Carr A. Osteoarthritis. The 
Lancet. 2015;386:376-87. 
[5] Dougherty C, Dougherty JJ. Evaluating hip pathology in trochanteric pain syndrom: pain 
patterns shared with other conditions often complicate the diagnosis. The Journal of 
Musculoskeletal Medicine. 2008;25:428-36. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
15 
 
[6] Tortolani PJ, Carbone JJ, Quartararo LG. Greater trochanteric pain syndrome in patients 
referred to orthopedic spine specialists. The Spine Journal. 2002;2:251-4. 
[7] Fearon A, Neeman T, Smith P, Scarvell J, Cook J. Pain, not structural impairments may 
explain activity limitations in people with gluteal tendinopathy or hip osteoarthritis: A cross 
sectional study. Gait & Posture. 2017;52:237-43. 
[8] Zeni JJ, Abujaber S, Pozzi F, Raisis L. Relationship Between Strength, Pain, and Different 
Measures of Functional Ability in Patients With End-Stage Hip Osteoarthritis. Arthritis Care 
& Research. 2014;66:1506-12. 
[9] Fernandes L, Hagen KB, Bijlsma JW, Andreassen O, Christensen P, Conaghan PG, et al. 
EULAR recommendations for the non-pharmacological core management of hip and knee 
osteoarthritis. Annals of the rheumatic diseases. 2013;72:1125-35. 
[10] Hurwitz D, Hulet C, Andriacchi T, Rosenberg A, Galante J. Gait compensations in patients 
with osteoarthritis of the hip and their relationship to pain and passive hip motion. Journal of 
Orthopaedic Research. 1997;15:629. 
[11] Baker M, Moreside J, Wong I, Rutherford DJ. Passive hip movement measurements 
related to dynamic motion during gait in hip osteoarthritis. Journal of Orthopaedic Research. 
2016;34:1790-7. 
[12] Grimaldi A, Mellor R, Hodges PW, Bennell K, Wajswelner H, Vicenzino B. Gluteal 
Tendinopathy: A Review of Mechanisms, Assessment and Management. Sports Med. 
2015;48:1107-19. 
[13] Allison K, Vicenzino B, Wrigley TV, Grimaldi A, Hodges PW, Bennell KL. Hip abductor 
muscle weakness in individuals with gluteal tendinopathy. Med Sci Sports Exerc. 2016;48:346-
52. 
[14] Arokoski MH, Arokoski JPA, Haara M, Kankaanpää M, Vesterinen M, Niemitukia LH, 
et al. Hip muscle strength and muscle cross sectional area in men with and without hip 
osteoarthritis. The Journal of Rheumatology. 2002;29:2185-95. 
[15] Allison K, Bennell KL, Grimaldi A, Vicenzino B, Wrigley TV, Hodges P. Single leg 
stance control in individuals with symptomatic gluteal tendinopathy. Gait & Posture. 
2016;49:108-13. 
[16] Allison K, Wrigley TV, Vicenzino B, Bennell KL, Grimaldi A, Hodges PW. Kinematics 
and kinetics during walking in individuals with gluteal tendinopathy. Clinical Biomechanics. 
2016;32:56-63. 
[17] Rutherford DJ, Moreside J, Wong I. Hip joint motion and gluteal muscle activation 
differences between healthy controls and those with varying degrees of hip osteoarthritis during 
walking. J Electromyogr Kinesiol. 2015;25:944-50. 
[18] Eitzen I, Fernandes L, Nordsletten L, Risberg MA. Sagittal plane gait characteristics in 
hip osteoarthritis patients with mild to moderate symptoms compared to healthy controls: a 
cross-sectional study. BMC musculoskeletal disorders. 2012;13:258. 
[19] Kumar D, Wyatt C, Chiba K, Lee S, Nardo L, Link TM, et al. Anatomic correlates of 
reduced hip extension during walking in individuals with mild‐moderate radiographic hip 
osteoarthritis. Journal of Orthopaedic Research. 2015;33:527-34. 
[20] Watelain E, Dujardin F, Babier F, Dubois D, Allard P. Pelvic and lower limb 
compensatory actions of subjects in an early stage of hip osteoarthritis. Archives of Physical 
Medicine and Rehabilitation. 2001;82:1705-11. 
[21] Constantinou M, Loureiro A, Carty C, Mills P, Barrett R. Hip joint mechanics during 
walking in individuals with mild-to-moderate hip osteoarthritis. Gait & Posture. 2017;53:162-
7. 
[22] Foucher KC, Schlink BR, Shakoor N, Wimmer MA. Sagittal plane hip motion reversals 
during walking are associated with disease severity and poorer function in subjects with hip 
osteoarthritis. J Biomech. 2012;45:1360-5. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
16 
 
[23] Rutherford DJ, Hubley-Kozey CL. Explaining the hip adduction moment variability 
during gait: Implications for hip abductor strengthening. Clinical Biomechanics. 2009;24:267-
73. 
[24] Chang A, Hayes K, Dunlop D, Song J, Hurwitz D, Cahue S, et al. Hip abduction moment 
and protection against medial tibiofemoral osteoarthritis progression. Arthritis & Rheumatism. 
2005;52:3515-9. 
[25] Tateuchi H, Koyama Y, Akiyama H, Goto K, So K, Kuroda Y, et al. Daily cumulative hip 
moment is associated with radiographic progression of secondary hip osteoarthritis. 
Osteoarthritis Cartilage. 2017;25:1291-8. 
[26] Winter DA. Human balance and posture control during standing and walking. Gait & 
Posture. 1995;3:193-214. 
[27] Mellor R, Grimaldi A, Wajswelner H, Hodges P, Abbott JH, Bennell K, et al. Exercise 
and load modification versus corticosteroid injection versus ‘wait and see’ for persistent 
gluteus medius/minimus tendinopathy (the LEAP trial): a protocol for a randomised clinical 
trial. BMC Musculoskeletal Disorders. 2016;17:196. 
[28] Grimaldi A, Mellor R, Nicolson P, Hodges P, Bennell K, Vicenzino B. Utility of clinical 
tests to diagnose MRI-confirmed gluteal tendinopathy in patients presenting with lateral hip 
pain. British Journal of Sports Medicine. 2016;Published Online First: 15 September 2016  
[29] Blankenbaker D, Ullrick S, Davis K, De Smet A, Haaland B, Fine J. Correlation of MRI 
findings with clinical findings of trochanteric pain syndrome. Skeletal Radiology. 
2008;37:903-9. 
[30] Kellgren J, Lawrence J. Radiological Assessment of Osteo-Arthrosis. Annals of the 
Rheumatic Diseases. 1957;16:494-502. 
[31] Bennell KL, Egerton T, Martin J, Abbott JH, Metcalf B, McManus F, et al. Effect of 
physical therapy on pain and function in patients with hip osteoarthritis: a randomized clinical 
trial. Jama. 2014;311:1987-97. 
[32] Altman R, Alarcon G, Appelrouth D, Bloch D, Borenstein D, Brandt K, et al. The 
American College of Rheumatology criteria for the classification and reporting of osteoarthritis 
of the hip. Arthritis & Rheumatology. 1991;34:505-14. 
[33] Simic M, Hunt MA, Bennell KL, Hinman RS, Wrigley TV. Trunk lean gait modification 
and knee joint load in people with medial knee osteoarthritis: the effect of varying trunk lean 
angles. Arthritis Care Res (Hoboken). 2012;64:1545-53. 
[34] Baker R. Pelvic angles: a mathematically rigorous definition which is consistent with a 
conventional clinical understanding of the terms. Gait & Posture. 2001;13:1-6. 
[35] Moisio KC, Sumner DR, Shott S, Hurwitz DE. Normalization of joint moments during 
gait: a comparison of two techniques. J Biomech. 2003;36:599-603. 
[36] Kang HG, Dingwell JB. Separating the effects of age and walking speed on gait variability. 
Gait & posture. 2008;27:572-7. 
[37] Foucher KC. Sex-specific hip osteoarthritis-associated gait abnormalities: Alterations in 
dynamic hip abductor function differ in men and women. Clinical Biomechanics. 2017;48:24-
9. 
[38] Bejek Z, Paroczai R, Illyés Á, Kiss RM. The influence of walking speed on gait parameters 
in healthy people and in patients with osteoarthritis. Knee Surgery, Sports Traumatology, 
Arthroscopy. 2006;14:612-22. 
[39] Segal NA, Felson DT, Torner JC, Zhu Y, Curtis JR, Niu J, et al. Greater trochanteric pain 
syndrome: epidemiology and associated factors. Archives of Physical Medicine & 
Rehabilitation. 2007;88:988-92. 
[40] Fearon AM, Scarvell JM, Neeman T, Cook JL, Cormick W, Smith PN. Greater 
trochanteric pain syndrome: defining the clinical syndrome. British Journal of Sports Medicine. 
2013;47:649-53. 
AC
CE
PT
ED
 M
AN
US
RI
PT
17 
 
[41] Schmitt D, Vap A, Queen RM. Effect of end-stage hip, knee, and ankle osteoarthritis on 
walking mechanics. Gait & posture. 2015;42:373-9. 
[42] Zeni JJ, Pozzi F, Abujaber S, Miller L. Relationship between physical impairments and 
movement patterns during gait in patients with end-stage hip osteoarthritis. Journal of 
Orthopaedic Research. 2015;33:382-9. 
[43] Lewis CL, Sahrmann SA. Effect of posture on hip angles and moments during gait. 
Manual therapy. 2015;20:176-82. 
[44] Saxby D, Lloyd D. Osteoarthritis year in review 2016: mechanics. Osteoarthritis and 
Cartilage. 2017;25:190. 
[45] Wellsandt E, Gardinier ES, Manal K, Axe MJ, Buchanan TS, Snyder-Mackler L. 
Decreased knee joint loading associated with early knee osteoarthritis after anterior cruciate 
ligament injury. The American journal of sports medicine. 2016;44:143-51. 
[46] Saxby DJ, Bryant AL, Modenese L, Gerus P, Killen BA, Konrath J, et al. Tibiofemoral 
contact forces in the anterior cruciate ligament-reconstructed knee. Med Sci Sports Exerc. 
2016;48:2195-206. 
[47] Tateuchi H, Shiratori S, Ichihashi N. The effect of angle and moment of the hip and knee 
joint on iliotibial band hardness. Gait & Posture. 2015;41:522-8. 
[48] Birnbaum K. Anatomical and biomechanical investigations of the iliotibial tract. Surgical 
and radiologic anatomy : SRA. 2004;26. 
[49] Dwek J, Pfirrmann CWA, Stanley A, Pathria M, Chung CB. MR imaging of the hip 
abductors: normal anatomy and commonly encountered pathology at the greater trochanter. 
Magnetic Resonance Imaging Clinics Of North America. 2005;13:691-704. 
[50] Lewis CL, Sahrmann SA, Moran DW. Effect of hip angle on anterior hip joint force during 
gait. Gait & posture. 2010;32:603-7. 
[51] Grimaldi A, Fearon AM. Gluteal Tendinopathy: Integrating Pathomechanics and Clinical 
Features in Its Management. Journal of Orthopaedic & Sports Physical Therapy. 2015;45:910-
22. 
 
 
 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
18 
 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
19 
 
 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
20 
 
Table 1. Participant characteristics (mean (SD)) unless otherwise stated. 
 
 Gluteal 
Tendinopathy 
(n=60) 
Hip 
Osteoarthritis 
(n=73) 
Mean 
Difference 
(95% CI) 
P value 
Age, years‡ 53.7 (8.6) 61.2 (8.1) -7.6 (-10.5, 
4.7) 
<0.001* 
Height, m 1.67 (0.08) 1.67 (0.03) 0.0 (-0.04, 
0.02) 
0.53 
Mass, kg 73.8 (13.4) 79.7 (15.2) -5.9 (-10.8, -
0.9) 
0.02* 
Body mass index, kg/m2 26.4 (3.9) 28.2 (4.4) -1.8 (-3.2, -
0.3) 
0.02* 
Sex, n (%)     
Women 46 (77%) 40 (55%) - 0.01*# 
 Men 14 (33%) 33 (45%) - 
Symptomatic (test) hipa Right = 23 
 (38%) 
Right = 41 
(56%) 
- <0.001* 
Symptom duration 
years‡, median (IQR) 
1.0 (2.5) 4.5 (3.7) - <0.001* 
Pain reported during 
walking testb‡, median 
(IQR) 
2 (1) 2 (2) - 0.80 
‡ Data not normally distributed 
# Pearsons Chi Square 
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Table 2. Whole group (n=133) biomechanical data (mean (SD) unless specified)  
 
 Gluteal 
Tendinop
athy 
(n=60) 
Hip 
Osteoart
hritis 
(n=73) 
Mean 
Differe
nce 
(95% 
CI) 
Unadju
sted 
P value 
Adjus
ted 
for 
walki
ng 
veloci
ty 
Adjus
ted 
for 
sympt
om 
durati
on 
Adjus
ted 
for 
sex 
Adjus
ted 
for 
Age 
Adjus
ted 
for 
sex 
and 
sympt
om 
durati
on 
Adjuste
d age, 
sex, 
sympto
m 
Spatiotemporal variables       
Veloci
ty 
(m/sec
) 
1.3 (0.2) 1.2 (0.2) -0.1 (-
0.0, 
0.1) 
0.05 - 0.04* 0.02* 0.40 0.01* 0.13 
Step 
length  
(m) 
0.67 
(0.01) 
0.62 (0.1) 0.04 
(0.02, 
0.07) 
0.001* 0.007 0.01* <0.00
1* 
0.06 <0.00
1* 
0.003* 
External Hip Adduction Moment (Nm/BW.Ht (%))       
1st 
peak   
5.7 (1.3) 4.6 (1.4) 1.0 
(0.6, 
1.5) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
0.002
* 
0.003* 
Mid-
stance 
dip 
3.5 (0.8) 3.0 (1.2) 0.5 
(0.1, 
0.8) 
0.01* <0.00
1* 
0.10 0.08 0.001
* 
0.37 0.10 
2nd 
peak  
5.0 (1.0) 4.0 (1.5) 1.0 
(0.5, 
1.4) 
<0.001
* 
<0.00
1* 
0.002
* 
0.001
* 
<0.00
1* 
0.01* 0.002* 
External Hip Flexion Moment (Nm/BW.Ht (%))# 
Peak 
flexio
n 
mome
nt 
6.7 (2.0) 6.6 (3.0) 0.2 (-
0.6, 
0.9) 
0.34 0.35 0.37 0.37 0.36 0.38 0.35 
Peak 
extens
ion 
mome
nt 
 
6.5 (1.4) 4.0 (1.3) 2.3 
(1.8, 
2.7) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
       
           
           
           
Hip Adduction Angle, degrees       
At 1st 
peak 
HAM 
8.0 (4.2) 3.2 (5.3) 4.8 
(3.1, 
6.5) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 
Mid-
stance 
HAM 
5.6 (3.4) 2.0 (4.6) 3.7 
(2.2, 
5.2) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 2nd 
peak 
HAM 
4.8 (3.7) 1.2 (4.6) 3.6 
(2.1, 
5.0) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
Hip Flexion Angle, degrees       
Sagitt
al 
excurs
ion 
44.9 (5.3) 
 
33.7 (7.5) 11.3 
(9.1, 
13.5) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 1st 
peak 
HAM 
19.6 (6.6) 24.3 (8.7) -4.7 (-
2.0, -
7.3) 
0.02* 0.001
* 
0.09 0.06 0.001
* 
0.18 0.03* 
At 
Mid-
stance 
HAM 
2.6 (6.6) 10.2 (8.8) -7.5 (-
10.3, -
4.8) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 2nd 
peak 
HAM 
-8.8 (8.2) 3.3 (10.2) -12.5 (-
15.3,-
8.6) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
       
Hip Internal Rotation Angle, degrees       
At 1st 
peak 
HAM 
2.5 (7.4) -3.0 (9.0) 5.5 
(2.6,8.3
) 
<0.001
* 
<0.00
1* 
0.001
* 
0.002
* 
0.001
* 
0.002
* 
0.004* 
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At 
Mid-
stance 
HAM 
2.1 (7.0) -1.3 (9.4) 3.4 
(0.5, 
6.3) 
0.01* 0.02* 0.05 0.02* 0.02* 0.07 0.08 
At 2nd 
peak 
HAM 
1.3 (6.9) 1.0 (8.2) 0.2 (-
2.5,2.9) 
0.88 0.89 0.99 0.95 0.67 0.80 0.90 
Contralateral Pelvic Drop (pelvic obliquity) Angle 
a, degrees 
      
At 1st 
peak 
HAM 
3.2 (2.6) 1.3 (3.2) 1.8 
(0.9, 
3.9) 
<0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
0.001* 
At 
Mid-
stance 
HAM 
0.4 (2.3) -1.4 (2.7) 1.7 
(0.8, 
2.6) 
<0.001
* 
0.001
* 
0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 2nd 
peak 
HAM 
0.5 (2.1) -1.0 (2.6) 1.4 
(0.6, 
2.2) 
<0.001
* 
0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
Frontal Plane Trunk Angle b, degrees       
At 1st 
peak 
HAM 
1.0 (2.1) 2.1 (2.6) -1.1 
(0.2, 
2.0) 
0.02* 0.02* 0.06 0.01* 0.02* 0.05 0.03* 
At 
Mid-
stance 
HAM 
-0.2 (2.8) 0.3 (2.3) -0.5 (-
1.4, 
0.4) 
0.24 0.26 0.30 0.20 0.10 0.16 0.05* 
At 2nd 
peak 
HAM 
-0.8 (2.7) 1.7 (2.7) -2.5 (-
3.5, -
1.5) 
<0.001
* 
0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
Sagittal Plane Trunk Angle c, degrees       
At 1st 
peak 
HAM 
12.8 (6.1) 16.7 (5.5) -3.9 (-
5.9, -
2.0) 
<0.001
* 
0.001
* 
0.01* 0.01* <0.00
1* 
0.02* 0.002* 
At 
Mid-
stance 
HAM 
2.8 (4.6) 10.0 (5.7) -7.2 (-
9.0, -
5.4) 
<0.001
* 
0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
At 2nd 
peak 
HAM 
2.4 (5.0) 11.2 (6.1) -8.8 (-
10.7,-
6.8) 
<0.001
* 
0.001
* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.00
1* 
<0.001
* 
 
Kinematic values denote angles at the time of the external hip adduction moment (HAM) first peak, mid-stance 
minimum and second peak. 
a   Positive pelvic obliquity indicates the contralateral pelvis is dropped relative to the stance limb  
b   Ipsilateral trunk lean is positive  
c  Forward trunk lean is positive 
 * significant between group difference, P<0.05.  
# Data non-normally distributed; expressed as median (interquartile range) with between group comparisons 
performed using Mann-Whitney U tests 
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